miRNA regulates the expression of a large number of genes, including plant transcription factors. It is important to reveal miRNA associations with the corresponding targets in order to increase plant productivity and resistance to biotic and abiotic stresses. One of such targets is the group of MYB transcription factor genes, involved in the regulation of some of the most important physiological processes. The search for miRNA target genes was performed using the MirTarget program, which calculates the free energy (ΔG) of miRNA binding with mRNA; position and schemes of the potential binding sites. The relative amount of free energy (ΔG/ΔGm) was used as a comparative criterion for evaluating the degree of interaction of miRNA and mRNA. The binding sites for tae
Introduction
Regulation of gene expression on transcriptional level facilitates large number of important biological processes, including responses to different kinds of biotic and abiotic stresses, growth and development, differentiation, metabolism and other [1] [2] [3] [4] [5] . Transcription factors (TFs) play significant role in regulation of cellular processes. MYB proteins are among the most well-known, characterized by their highly conserved domains. A number of studies has shown that miRNAs can influence physiological processes in plants by miRNAs [6] [7] [8] [9] [10] . The established regulatory roles of miRNAs in gene expression unveil new opportunities to control plant productivity and resistance [11] [12] [13] [14] . Nevertheless, in these works, no direct association of miRNAs with mRNAs of MYB transcription factors was not established. Therefore, the principal goal of our research was to establish miRNA associations and their MYB target genes using bioinformatic approaches, which in turn leads to significant reductions in material costs of search for such associations.
The MirTarget program that we created allows us to work with a large number of genes and miRNAs, predicting with high precision the associations of miRNAs and their target genes [15; 16] .
In the present work, we focused on identification of miRNAs that have potential to bind to the mRNA genes of the MYB family in Triticum (T.) aestivum, Oryza (O.) sativa, Arabidopsis (A.) thaliana and Zea (Z.) mays.
Materials and methods
Nucleotide sequences of MYB genes of T. aestivum, O. sativa, A. thaliana and Z. mays were obtained from Plant Transcription Factor Database v.4.0 (http://planttfdb.cbi.pku.edu.cn/index.php; http:// www.ncbi.nlm.nih.gov). Nucleotide sequences of miRNAs in genomes of studied plants were obtained from the database miRBase v.22 (http://www.mirbase.org/). The search for miRNA target genes was determined using the MirTarget program [15; 16] . It calculates the free energy (ΔG, kJ/mole) of miRNA binding, the relative value of free energy (ΔG/ΔGm, %), the position and schemes of potential binding sites (BSs). The ΔGm for miRNA binding was defined as the free energy of miRNA binding to the fully complementary nucleotide sequence. Relative amount of free energy (ΔG/ΔGm) was used as a comparative criterion to evaluate the degree of interaction of miRNA and mRNA. Unique properties of Mir-Target program include consideration of nucleotide interaction in miRNA with mRNA of target genes not only between adenine (А) and uracil (U), guanine (G) and cytosine (C), but also between A and C, G and U via single hydrogen bond [17; 18] . The distance between A-C and G-U is equal to distance value be-tween G-C and A-U.
List of abbreviated names of plant species of the following transcription factors were used in this work: Aegilops tauschii -Ata, Aethionema arabicum -Aar, Arabidopsis halleri -Aha, Arabidopsis lyrata -Aly, Arabidopsis thaliana -Ath, Arabis alpina -Aal, Boechera stricta -Bst, Brachypodium 
Results and discussion
Study of 125 miRNAs binding to mRNAs of 258 MYB family genes of T. aestivum revealed that only 34 genes were targets for 19 miRNA (Table 1) . 
, tae-miR9778-5p, tae-miR9779-3p, tae-miR9780-3p bind with mRNAs of these genes. For tae-mi-R159a, b-3p, there are 10 target genes with ΔG/ΔGm value ranging from 86 to 92%. tae-miR164-5p and tae-miR444a,b-3p had five and four target genes with ΔG/ ΔGm value of 87%. tae-miR171a-3p and tae-miR5084-3p bind to mRNAs of three MYB genes. ΔG/ΔGm value of interaction of tae-miR171a-3p and tae-miR5084-3p with mRNA of these genes was 87% and 86%, respectively. tae-miR1127b-3p, tae-miR319-3p tae-miR9676-5p had BSs in the mRNA of two target genes. The remaining miRNAs had only one target genes with a ΔG/ΔGm value ranging from 87 to 92%. The miRNA BSs in the mRNA genes of the MYB family of T. aestivum are located only in the coding sequence (CDS).
Not only MYB family genes of T. aestivum, but also genes of other plant species were targets for miRNAs. For instance, tae-miR159a,b-3p has binding sites in the mRNAs of T. aestivum Traes_2DL_912473A86.1, Traes_2BL_855A1170C.2, Traes_2AL_0A21FB42 C.1 genes as well as in O. sativa LOC_Os04g46384.1 gene, A. thaliana AT3G60460.1 gene, and Z. mays GRMZM2G311059_P01, GRMZM2G046443_P01 genes, which are the members of the MYB family of these plant species (Table 2) .
Since the characteristics of miRNA159-3p interaction with mRNA genes of different plant species were close, here we provide data only for the miR159-3p family. The interaction patterns of the nucleotide sequences of miRNA with the mRNAs of these genes are presented in Figure 1 .
It is important to note that the nucleotide sequence of tae-miR159a,b-3p is similar in the T. aestivum, O. sativa, A. thaliana and Z. mays genomes in which it was found (miRBase).
Six miRNAs of the zma-miR159a,c,d,f,j,k-3p family were bound to mRNAs of GRMZM2G311059_ P01 and GRMZM2G046443_P01 genes with a ΔG/ ΔGm value of 87 -89%. Three members of ath-miR159a,b,c-3p family were bound to mRNA of AT3G60460.1 gene with a ΔG/ΔGm value of 86% and above. Two miRNAs of the osa-miR159a.1,f-3p and tae-miR159a,b-3p had two and three target genes, respectively ( Table 2 ). The tae-miR159a,b-3p binding sites are located in the CDS and encode the WSSIRSK oligopeptide, which is conserved in the 27 proteins of the MYB transcription factors for 22 plant species (Table 3) .
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International Journal of Biology and Chemistry 12, № 1, 4 (2019) The zma-miR159c,d,e,f,j,k-3p family consists of zma-miR159c,d-3p, zma-miR159e-3p and zma-miR159f,j,k-3p different in 5' and 3' ends of nucleotide sequences. Therefore, their binding sites are identical. Table 4 shows the binding characteristics of mir159-3p with the mRNA of MYB family genes. All sites are located in the CDS of the mRNA target. The binding characteristics of miR159-3p in the mRNAs CDS of Traes_6DS_A0EC5D808.1, AT2G32460.1, AC217264.3_FGP005, GRMZM2G070523_P01 genes are shown on Figure 2 .
The nucleotide sequences of miR159-3p interacted along the entire length with the corresponding mRNA. Data from the analysis of miR159-3p binding to the mRNA of 23 genes in 20 plant species are listed in Table 5 .
International Journal of Biology and Chemistry 12, № 1, 4 (2019) This data indicates that the relationship between miR159-3p and mRNA of target genes arose millions of years ago, which suggests its important functional significance.
The nucleotides of miR159-3p binding sites are homologous, but encode different oligopeptides (Figure 3 A, B) . The data in Figure 3 is explained by the fact that mRNA nucleotide sequences can encode different oligopeptides in different reading frames. Therefore, miRNA binding sites in mRNA can also encode different oligopeptides. The binding sites of some miR-NAs have homologous nucleotide sequences that can be read in different open reading frames. For example, the nucleotide sequence of miR159j-3p binding sites UGGAGCUCCAUUCGAUCCAAA in the first reading frame will encode the WSSIRSK oligopeptide, and in the third reading frame, miR159e-3p will encode the ELPSNQ oligopeptide (Figure 4 ). Thus, on the example of interaction of zma-miR159j-3p and zma-miR159e-3p, having homologous nucleotide sequences, with mRNAs of the transcription factor genes of numerous plants, miRNAs binding is observed independently of the reading frame in which mRNA nucleotide sequence is translated. Similar data was obtained when analyzing the binding sites of miRNAs in animal mRNAs [19; 20] .
Conclusion
Current work has shown that miRNA families can interact with mRNAs of MYB transcription fac-tor genes and regulate their expression. In mRNAs of MYB genes of Triticum aestivum, Oryza sativa, Arabidopsis thaliana, Zea mays all binding sites to mir159-3p were located in protein coding part. These binding sites were homologous and encoded oligopeptides WSSIRSK and ELPSNQ. It is important to note that miRNA binding to CDS of the mRNAs encoded by the transcription factor genes is not accidental. Such localization of miRNA binding sites in mRNAs indicates conserved relationship for a many millions of years of divergence in the studied plant species. Analysis of interactions of miR159-3p with the different plants of MYB indicates the conserved structure of miRNA binding sites. A high ΔG/ΔGm ratio of miRNAs binding to miRNAs shows that the expression of genes of MYB family can be suppressed strongly by miR159-3p. The established associations of miRNAs and target genes can be used to create plant varieties that are highly productive and resistant to abiotic and biotic stresses.
